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Structure–function relationThe role of fatty acid binding proteins as intracellular fatty acid transporters may require their direct interac-
tion with membranes. In this way different mechanisms have been previously characterized through exper-
imental studies suggesting different models for FABPs–membrane association, although the process in which
the molecule adsorbs to the membrane remains to be elucidated. To estimate the importance of the electro-
static energy in the FABP–membrane interaction, we computationally modeled the interaction of different
FABPs with both anionic and neutral membranes. Free Electrostatic Energy of Binding (dE), was computed
using Finite Difference Poisson Boltzmann Equation (FDPB) method as implemented in APBS (Adaptive
Poisson Boltzmann Solver). Based on the computational analysis, it is found that recruitment to membranes
is facilitated by non-specific electrostatic interactions. Also energetic analysis can quantitatively differentiate
among the mechanisms of membrane association proposed and determinate the most energetically favorable
configuration for the membrane-associated states of different FABPs. This type of calculations could provide a
starting point for further computational or experimental analysis.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The study of reversible protein-membrane interactions constitutes
a challenge to biophysics, and has a deep impact in biotechnology and
medicine. These highly-complex and crucial biological processes can
be conceptually separated into several steps, such as primary electro-
static attraction, increase in the effective local concentration and spa-
tial orientation of the protein, desolvation and interfacial water
reorganization, protein conformational changes, and restructuring of
the lipid bilayer. Moreover, in some cases, binding is followed by in-
sertion into the membrane and subsequent specific interactions
with inner membrane components, lipids and proteins.
Several systems, such as binding of cytochrome c to anionic lipid
membranes [1,2] or binding of antimicrobial, amphipatic peptides to
bacteria and red cell membranes [3–5] have been extensively studied.
Other cases that attracted considerable interest are interaction of reg-
ulatory peptides with membrane channels [6], membrane effects of
apoptotic proteins [7,8], viral infection and membrane fusion
[9–15], lipid delivery to tissues and cells [16–18], and peptide mediat-
ed gene transfer [19].tamento de Física, Universidad
ca, Argentina. Tel.: +54 291
l).
rights reserved.Protein-membrane interactions that enhance lipid transfer be-
tween different organelles are also a prominent subject of study. Ex-
amples of this kind are fatty acid binding proteins (FABPs), sterol
carrier protein 2 (SCP2) and acyl–CoA binding protein (ACBP), all of
which have been implicated in processes that facilitate lipid solubili-
zation and movement in the cellular milieu [20–24], and for which,
their interactions with membranes have been experimentally dem-
onstrated [25–27].
Fatty acid-binding proteins (FABPs) are intracellular proteins
expressed in almost all animal tissues in different isoforms. It is pro-
posed that they transport and target fatty acids (FA) to specific mem-
branes and metabolic pathways. Several studies have suggested that
different FABPs have unique functions and this specificity may be
driven, in part, by protein–membrane interactions [28–30].
Structurally, FABPs are proteins of approximately 14 kDa of molec-
ular weight with low amino acid sequence homology but sharing a
common tertiary structure consisting of 10 antiparallel β-strands
that form a β-barrel, which is capped by two short α-helices arranged
as a helix-turn-helix segment [31,32].
It is proposed that FABPs may serve not only to deliver long-chain
fatty acids to target organelles, but also to remove surface membrane-
bound fatty acids, and this may require their direct interaction with
acceptor membranes and ligand donor [22,33]. In vitro studies have
shown that different FABPs transfer FA to membranes by two differ-
ent transfer mechanisms. A larger number of the FABPs, including in-
testinal (IFABP), brain (BFABP), adipocyte (AFABP) and heart
Table 1
FABPs of different species and tissues classified according their suggested “collisional”
or “diffusional” mechanism of FA transfer to artificial membranes. The structures were
obtained from PDB except for those with three letter code, which were modeled
according to Materials and methods.
Species Tissues
Collisional Diffusional
Intestine
(IFABP)
Brain
(BFABP)
Heart
(HFABP)
Adipocyte
(AFABP)
Liver
(LFABP)
Human 1KZW – 1G5W 1JJX 2F73
2PY1
Rat 1IFB MBR MHR MAR 2JU3
1IFC 2JU7
Mouse MIM MBM MHM MLM
Bovine MIB MBB 1BWY MAB MLB
Chicken MIC MBC MHC MAC 1TVQ
Toad – – – – 1P6P
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branes (“collisional” FABPs). In marked contrast, other members of
the family, as liver FABP (LFABP) and CRBPII, transfer their ligands
to and from membranes by an aqueous-diffusion mediated mecha-
nism (“diffusional” FABPs) [22].
Many studies have provided substantial evidence demonstrating
IFABP interaction with membranes, and have shown that electrostatic
and hydrophobic forces modulate these physical interactions [34,38].
In contrast, LFABP has been classically considered a “diffusional”
FABP, based on FA transfer kinetic studies. Recent studies which ana-
lyzed I- and LFABP's capacity to directly interact with membranes,
employing different experimental approaches, have shown that
LFABP is also able to interact with phospholipid membranes [39]. It
was also demonstrated that the factors that modulate this process
are different for each protein, implying different roles for IFABP and
LFABP in an intracellular context.
In this work, FABPs belonging to several sources have been con-
sidered for this computational analysis. The selected proteins belong
to either the “collisional” or “difussional” group. Computational
methods have been immensely useful in the analysis of stability, dy-
namics, and association of proteins, nucleic acids, and other biological
molecules [40–42]. They can provide models with atomic detail for
interactions involving a large number of molecules in different phases
and have been especially useful in the study of protein-membrane in-
teractions [43]. Also, these methods have allowed us to verify exper-
imental data as well as to predict the phenomenon in the absence of
other analysis [44,45].
To get insight into the mechanism of the interaction between
FABP and membranes, we modeled the process computationally. By
using the Finite Difference Poisson Boltzmann Equation (FDPB), we
computed the energy involved in the interaction of FABPs with mem-
branes. We show that binding of FABP to membranes involves a sig-
nificant electrostatic component that discriminates among possible
membrane-bound mechanisms and classify a list of FABPs according
to the mechanism involved in the interaction. The classification pro-
posed and the results of this model are in agreement with experimen-
tal observations for FABP–membrane interaction. Also, our results are
in concordance with molecular dynamics simulations that have
shown different configurations for the initial interaction between
FABPs and membranes [46,47].
2. Materials and methods
2.1. Models and computational procedure
Protein and membrane atomic models were considered as rigid
bodies with explicit atomic details, whereas water and ions were
modeled together as a continuum structureless medium. In this
way, internal degrees of freedom (i.e. flexibility of lateral chains
and chemical reactions) were not taken into account. FABP atomic
coordinates were obtained in two different ways: those whose ter-
tiary structures were already known, were obtained from RCSB
Protein Data Bank [48] (PDB ID: 1BWY, 1FDQ, 1G5W, 1IFB, 1P6P,
1TVQ, 1T4W, 2JU3, 2Q9S, 3FR4, 3IFB). For those with unreported
tertiary structured, homology models of the protein based on the
template structures were developed (three letter codes in
Table 1). Sequence identity between target and structural tem-
plates was calculated by retrieving FABP sequences from Uniprot
[49] database with search [50] and then aligned using PROMALS
[51]. With the multiple sequence alignment a Hidden Markov pro-
file (HMM) of FABPs was then defined. The latter was then fun-
neled through the HHsearch [52] program to identify the most
plausible homologous structural templates. HHsearch is one of the
best ones as evaluated from CASP7 experiment [53]. The multiple
sequence alignment obtained in this way was used as the reference
for the structural prediction of FABP by homology modeling. Thesequence alignment between our target proteins and the structural
templates were extracted from the multiple sequence alignment
considering the entire family. We then constructed 15 different
conformations of FABPs based on each of the eight structural tem-
plates using Modeller9v3 [54]. These were obtained with random-
ized initial structures and subsequent optimization by conjugate
gradients and simulated annealing. All the three dimensional
models of FABPs obtained in this way do not deviate from currently
available experimental geometries.
Atomic coordinates for the membrane were snapshots generated
computationally and equilibrated by molecular dynamics procedures.
As a single component of the neutral membrane, we used
1-palmitoyl-2-oleoyl-phophatidylcholine (POPC) and anionic forms
of membranes were utilized with a mix of (POPC) and 1-stearoyl-2-
oleoyl-phosphatidylserine (SOPS) in different percentages.
For the membrane building five different systems were constructed
with different lipid content: (i) 100% POPC–0% SOPS, (ii) 75% POPC–25%
SOPS, (iii) 50% POPC–50% SOPS, (iv) 25% POPC–75% SOPS and (v) 0%
POPC–100% SOPS. For all the cases, the same protocol was used,
the only different was the content of each lipid: a) Coarse grained
(CG) bilayer assembly: in order to create an unbiased bilayerwith a ran-
dom distribution of the lipids, a CG representation of themolecules was
used. To do this, the CG lipids and CG water molecules were randomly
inserted into the simulation box, depending on the system a different
percentage of the POPC or SOPS lipids was used but a total number of
100 lipids was used in all the cases. For all the systems, around 1500
CG water molecules were used. In the systems with SOPS, the total
charge was neutralized by the addition of CG Na counter ions. Finally,
a molecular dynamics simulation of 100 ns was then performed
for each system in order to spontaneously self-assemble the bilayer.
b) Final CG bilayer construction: Once the bilayer was assembled, the
system was replicated producing a bilayer of 200 lipids, this system
was also replicated again and rotated around the Y axis in order to ob-
tain a system of 400 CG lipids with a symmetric composition of the
lipids on each monolayer and around 6000 CG water molecules. c) CG
bilayer equilibration: A coarse grained molecular dynamics simulation
of the system with 400 lipids and symmetric composition was per-
formed for 1.5 ms. This was done in order to ensure the correct equili-
bration of the coarse grained bilayer. d) Atomistic bilayer construction:
Then, the atomistic representation of the bilayer from the coarse-
grained ones (reverse transformation) were obtained and minimized
using a modified version of Gromacs [55]. In order to check whether
the transformation to the new atomistic representation did not incorpo-
rate some artifacts, a short MD simulation was performed (only 1 ns).
The composition of the final systems was 400 lipids and around
24,000 water molecules (since each CG water molecule is equivalent
to 4 atomistic water molecules).
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namics were the following: the temperature of 300 K and pressure
of 1 bar were controlled using a Berendsen [56] thermostat and semi-
sotropic barostat, both with a coupling parameter of 3 ps for the CG
simulations and 1 ps for the atomistic simulations. Compressibility
in all directions was set to 6×10−5 bar−1 for both types of simula-
tions (corresponding to the compressibility of CG water [57]). A
time step of 30 fs was used for the coarse grained simulations and
2 fs for the atomistic simulations. The time scale in the CG simulations
was matched to the diffusion coefficient of water by multiplying the
time in simulation with a factor of 4. The Martini force field [58]
was used for the coarse-grained simulations and the Berger force
field for the united atom simulations [59]. A modified version of the
gromacs package was used for the reverse transformation protocol.
The rest of the simulations were performed using the Gromacs pack-
age version 4.5.3 [60].
PQR files (in which atom charges and radii replace the occupan-
cies and B-factors of PDB files) were generated by the PDB2PQR serv-
er [61] with the PARSE set of charges [62].
The system composed of FABP and membrane was mapped onto a
three-dimensional lattice, in which the corner of each cubic cell rep-
resents a small region of the protein, membrane, or solvent. Given
that the Debye Length (λD) for this system is=10 Å, the chosen
grid (86×86×160 Å) was 30% larger than the system. The position
of the grid was fixed, allowing proper cancelation of self energy elec-
trostatic terms.
The electrostatic potential at boundary was set to the values pre-
scribed by a Debye–Huckel model for a single sphere with radius
and charge corresponding to those of the protein.
Equal amount of sodium and chloride ions (opposite and equal
charges with a radius of 2 Å) was distributed linearly into the solvent
cage up to 150 mM concentration. Accessible surface area and vol-
umes were calculated using the algorithm and parameters given by
Lee and Richards [63]. The dielectric constants of lattice points located
within and outside the molecular surface of the protein and mem-
brane were set to 2.0 and 78.5 D, respectively. Ions were excluded
from a region that extends 2 Å from the van der Waals surfaces of
the protein and membrane. The electrostatic potential at each lattice
point was calculated by solving the linear Poisson–Boltzmann equa-
tion numerically with the APBS program, which implements a PMG
algorithm [64–66].
2.2. Electrostatic free-energy difference
The solutions of the Poisson–Boltzmann equation were used to
calculate the total electrostatic free energy of the system [67]. The
electrostatic free energy of interaction, dE, is the difference between the
electrostatic free energy when the protein is close to the membrane,
and the electrostatic free energy when both protein and membrane
are far from each other (dE=E(prot+mem)−E(prot)−E(mem)). The
rigid bodies are located and oriented in space by coordinates: Euler
angles, ϕ, θ, ψ, describe rotations of the protein; r, locates the protein
with respect to the membrane, and x, y represent translations in the
plane of the membrane (r is the minimum distance between protein
andmembrane, measured from the van derWaals surface).We assume
that a minimum in dE corresponds to a preferred configuration. Energy
contributions other than that calculated by the Poisson–Boltzmann
equation were neglected.
2.3. Sampling the electrostatic free energy landscape
To calculate the membrane–protein global energy, we used an
own developed software. This program massively generates files in
PQR-format (see above) for different positions of the protein–
membrane system, and these files serve as input for the APBS program.Automation and processing of data before, between, and after running
the programs were carried out with Bash scripting languages.
The program varies distance and Euler angles and so we can tabu-
late dE(r,ϕ, θ, ψ) function. For the orientation angle increments, we
sample the configuration space at intervals of, Δφ=Δθ=Δφ=45°
(0°bφb360°), (0°bθb180°) (0°bψb360°), resulting in 256 different
relative positions. For relative distance between FABP and membrane,
Δr=0.2 Å was elected.
3. Results and discussions
Electrostatic interactions with negatively charged membranes
were computed for the protein-membrane systems employing
FABPs of different sources. Table 1 lists the structures of FABPs used.
The four letter code corresponds to PDB ID, and the three letter
code indicates structures not deposited in PDB and modeled by ho-
mology according to Materials and methods.
Initial calculations indicate that dE=dE(r,ϕ,θ, ψ, x, y) could be sim-
plified to dE=dE(r,ϕ,θ,ψ), because changes in x, y have little impact
on dE (not shown). The large number of configurations sampled,
(256 for each calculation) ensures that the calculated minimum is
the global minimum.
All FABPs listed in Table 1 were used to calculate the electrostatic
free energy of membrane–protein interaction employing POPC:SOPS
membranes of different ratios in order to determine the most plausi-
ble configuration for the interaction in each case.
As a neutral membrane, we used a membrane with only POPC. Dif-
ferent anionic forms of membranes were obtained mixing POPC and
SOPS in the following ratios 1:0, 3:1, 1:1, 1:3 and 0:1. The utilization
of high content of SOPS in model membranes seems to acquire more
relevance regarding the recent observation of nanoclusters where PS
is concentrated in membranes [68].
While the analysis was made for all structures in Table 1; for
clarity, Fig. 1 plots the electrostatic free energy versus 256 different
configurations of the FABP–membrane complex for representative
members of differentiated groups. Fig. 1a corresponds to an exper-
imentally defined collisional FABP (IFABP from rat) and Fig. 1b cor-
responds to an experimentally defined diffusional FABP (LFABP
from rat). In both figures, each curve indicates different membrane
POPC:SOPS ratios. Weak interactions are detected between FABPs of
either group and zwitterionic membranes, but an increase in the in-
teraction is observed when SOPS is added to the membranes. Sev-
eral experiments previously performed have also shown FABP's
sensitivity to negatively charged vesicles, especially in the case of
IFABP [35–37].
Fig. 1c, superpose the curves for IFABP and LFABP vs. membranes
with 25% SOPS content, to show more clearly that the minimum in
each case is in a different relative protein–membrane positions.
The results, obtained for all the structures analyzed, show a clear
differentiation between two groups, which is coincident with the
classification based on experimental analysis, as indicated in
Table 1. The proteins belonging to the collisional group show a
more favorable configuration for the interaction of FABP–membrane
with the helical region pointing to the membrane (Fig. 2a). The
members of the diffusional group do not show a defined minimum
in all the cases, but in those cases that this minimum may be de-
fined, the most probable configuration does not involve the helical
region despite the interaction could yet be guided by an electrostatic
component. (Fig. 2b). In this regard, electrostatic potential contour
analysis of several members of the FABP family [69] has shown
that the charge polarity for several members is due to a positive po-
tential across the top of the molecule (helix-turn-helix) and a nega-
tive potential in the lower half of the molecule. LFABP is the only
LBP of those examined, that has positive and negative potentials in
the helix-turn-helix top of the molecule. Studies with mutant and
chimeric proteins have demonstrated the crucial importance of the
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Fig. 1. Electrostatic free energy versus different configurations of FABP–membrane complex for representative members of differentiated groups in Table 1. Tics in x-axis indicate
256 evaluated relative positions in function of Euler angles (φ_θ_ψ). The starting point is a random position, but always the same. For clarity, only φ and θ variations were labeled
(View text for values of angles). In Fig. 1a and 1b, curves with different colors indicate different membrane POCP:SOPS ratios (values in inset). (a) Experimentally defined collisional
FABP (IFABP from rat), (b) experimentally defined diffusional FABP (LFABP from rat). (c) Overlap of curves extracted of Fig. 1a and 1b respectively for IFABP and LFABP vs. mem-
brane with 25% SOPS content. This clearly shows that the minimum in each case corresponds to different relative protein–membrane positions. These more favored configurations
are shown in Fig. 2a and b, respectively.
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Fig. 2. (a) View of IFABP–membrane complex in the configuration of minimum energy
showing the helical region of the protein pointing toward the membrane. (b) View of
LFABP–membrane complex also in the configuration of minimum energy. In both
graphics the surfaces surrounding the molecules correspond to positive (blue) and
negative (red) equipotential energy surfaces due to charge distribution.
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Fig. 3. Electrostatic free energy of IFABP and LFABP vs POPC:SOPS ratio. Values corre-
sponding to most favorable configurations (▲) have soft and lineal decreasing; while
less favorable relative positions (■) increase exponentially nominal values of free in-
teraction energy.
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recent experimental work has shown that LFABP also interacts
with membranes, although we have not been able to demonstrate
yet through experimental work, which are the domain/domains re-
sponsible for such interaction [39].
An interesting finding of the results appears viewing Fig. 1a and b.
Once the optimal orientation for all cited structures was obtained and
the differentiation in two groups was established, we plot theelectrostatic free energy of the interaction for one representative
molecule of each group, as a function of SOPS content (Fig. 3).
When anionic composition of the membrane was changed, energy
values corresponding to most favorable configurations have soft and
lineal decreasing, while less favorable relative positions increased ex-
ponentially nominal values of free interaction energy (Fig. 3). This
could be indicating that the increase in anionic phospholipids in the
membrane does not produce a much more intensive effect of attrac-
tion for favorable configurations, but a major effect of repulsion for
not favorable configurations.
Also, the dependence of dE with the distance between van der
Waals surfaces for a structure representative of each group and mem-
branes for 25% (SOPS:POPC=1:3) anionic membranes was analyzed
(Fig. 4). The interaction is most favorable at a distance of about
(3.5±0.5) Å, but is still significant at a distance of 10 Å corresponding
to a characteristic Debye length distance over which the magnitude of
electrostatic interactions decrease by approximately 1/e.
When dependence on ionic strength for LFABP and IFABP was cal-
culated, the behavior in both cases was similar.
Generally, high salt concentrations diminish the effective surface
charge of acidic membranes; this charge shielding would consequent-
ly be expected to reduce the electrostatic interactions between posi-
tively charged residues on the surface and negatively charged
headgroups of membrane phospholipids.
For this analysis, the percentage of NaCl was changed andmolarity
values of 0.001, 0.01, 0.1 and 1.0 M were utilized. Fig. 5 shows how
the electrostatic attraction between FABP and a negatively charged
membrane is increased as the ionic strength of the solution decreases.
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Fig. 4. Plot of electrostatic free energy of IFABP (black) and LFABP (gray) vs protein–
membrane distance. Most favorable interaction is for (3.5±0.5) Å between protein–
membrane van der Waals surfaces.
1696 F. Zamarreño et al. / Biochimica et Biophysica Acta 1818 (2012) 1691–1697These results are consistent with experimental data where the effect
of ionic strength for AFABP and acidic membrane was observed [70].
The calculated minimum electrostatic free energy configuration
of the system predicted by us, suggests a unique orientation for
all the experimentally proposed “collisional” FABPs. The relative po-
sition of FABP to the membrane shows the α-helical region in-
volved in the interaction, favoring the strategical position of
Lysine charged residues. These results are in complete agreement
with experimental data, where, evaluation of the structural ele-
ments underlying the mechanism of FA transfer from FABPs has
identified the helix-turn-helix domain, and specifically its Lys resi-
dues, as the major determinant of the collisional FA transfer mech-
anism [29]. Moreover, different experimental approaches have
shown that the alpha-helical domain is crucial for FABP–membrane
interaction [35,39].
On the other hand the configuration for the experimentally pro-
posed “diffusional” FABPs is not well defined, and the minima, if it ex-
ists, doesn't show the helical domain directly facing the membrane.
However an electrostatic mediated mechanism could be responsible
for the interaction. Experimental approaches have indicated that
LFABP is able to interact with membranes and that electrostatic inter-
actions seem to play an important role [39]. Nevertheless the domain/
domains involved in the interaction are still not known. Other au-
thors, employing tryptophan-containing mutants of LFABP and
under conditions of low ionic strength, have suggested the existence
of electrostatic interactions which can result in the binding of LFABP
to small anionic phospholipid vesicles, through the amino terminus
of LFABP [71]. The existence of an amino-terminal exit generated by
conformational changes upon ligand binding, has also been sug-
gested. Moreover, in AFABP, an alternative portal located in the N-
terminus region has been proposed by other authors employing mo-
lecular dynamic simulation [72].-50
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Fig. 5. Bar graphic of the electrostatic free energy of IFABP (black) and LFABP (gray), in
their computationally determinate optimal orientations vs ionic strength.4. Conclusions
The fact that FABPs participate in the intracellular transport of
long-chain fatty acids implies that these proteins may be involved
not only in the delivery of ligand to acceptor sites, but also in the ex-
traction of fatty acids from donor sites, for instance their removal
from the plasma membrane. A relativity fast computational method
is used to analyze mechanisms of FABP–membrane interaction of dif-
ferent members of the FABP family of proteins.
Although, the most favored configuration of the system was de-
fined only for electrostatic interactions, our calculations may be cap-
turing essential features of the system despite neglecting the other
energy terms. On this basis, it can be hypothesized that: (a) electro-
static free energy is the main driving force for IFABP binding to mem-
branes in a collisional mechanism, with direct interaction between
the protein and the membrane via the helical region of the protein.
On the other hand, although LFABP–membrane interaction is uncer-
tain, our results shown that the electrostatic term could drive this in-
teraction employing a different mechanism where the helical region
is not initially involved. (b) Increasing of anionic composition in
membranes doesn't produce a much more intensive effect of attrac-
tion for favorable configurations, but a major effect of repulsion be-
tween the membrane and not favorable relative positions of the
protein. c) Optimal distance between van der Waals surfaces, for
FABP-membrane interaction, was approximately 3.5 Å, consistent
with previous results in other proteins. Also, electrostatic attraction
between FABP and a negatively charged membrane increased as the
ionic strength of the solution decreases
These ideas provide, from a computational model, a rational
framework where the obtained results allow a starting point for the
design of new simulations and/or bench experiments with time and
resources economy, aimed to further define more precisely the mech-
anism of the interaction.
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